To identify and diagnose the latent leakage faults of key pneumatic units in the Chinese standard Electric Multiple Units (EMU) braking system, a multi-source information fusion method based on Kalman filtering, sequential probability ratio test (SPRT), and support vector machine (SVM) is proposed. The relay valve is taken as an example for research. Firstly, Kalman's state estimation function is used to obtain the innovation sequence, and the innovation sequence is input into the SPRT model to help recognize latent leakage faults of the relay valve. Using this method, the problem of the incomplete training set of the traditional SPRT method due to the change of the braking level and the vehicle load is solved. Secondly, the eight time-domain parameters of the relay valve input and the output pressure signal are extracted as fault characteristics, and then input to the support vector machine to realize the internal and external leakage fault diagnosis of the relay valve, which provides a reference for maintenance. Finally, this method is verified by the fault simulation data by quickly identifying latent leakage faults and diagnosing the internal and external leakage at a fault recognition rate of 100% by SVM under small sample conditions.
Introduction
Energy-savings, speed, and comfort are favored by passengers of the "Fuxing" Chinese Standard Electric Multiple Units (EMU). While people enjoy the convenience of standard EMUs, their safety is widely emphasized. As one of its nine key technologies, the EMU's brake system directly affects its operational safety and efficiency. The relay valve, EP valve, and empty and load valve are the key pneumatic units of the brake system, which determine the reliability and availability of service and emergency braking [1] [2] [3] .
However, during long-term operation, leakage faults may occur due to the wear of rubber seals, spring fatigue, and mechanical jams caused by grease failure. These faults may degrade the performance of the pneumatic unit and even cause functional failures, such as the brakes not releasing or providing insufficient braking power, all of which can affect operational safety and efficiency [4] [5] [6] [7] [8] [9] . Although the existing brake system has a diagnostic function, this function offers a system-level fault diagnosis and does not have a component-level fault warning function. When the leakage of a pneumatic unit occurs, the most noticeable result is a change in pressure. Consequently, the pressure state can be monitored to identify and diagnose latent leakage problems. As a statistical test method, sequential probability ratio test (SPRT) is commonly used for on-site monitoring and isolation of
Standard EMU Brake System

Standard EMU Brake Control Device
The standard EMU brake system brake control device ( Figure 1 ) is mainly composed of the EP (Electro-Pneumatic) valve, the relay valve, the empty and load valve, and other pneumatic units. Its functions are mainly used for service braking and emergency braking, which both need to be achieved through the relay valve. By controlling the current of the EP valve, the pre-control pressure (CV1) proportional to the current is output to the relay valve in service braking, and the relay valve outputs a large flow of equivalent compressed air to the pressurized cylinder. During emergency braking, the pre-control pressure (CV2) of the empty and load valve is output to the relay valve. According to the high-pressure priority function, the larger pressure is used as the air pressure output of the pressurized cylinder [1, 17, 18] . The relay valve determines the reliability and availability of service and emergency braking. 
Relay Valve Structure and Leakage Fault
The relay valve ( Figure 2 ) is mainly composed of a supply valve, a supply and discharge valve stem, a return spring, a throttle plug, rubber diaphragms, a feedback chamber (BCF), and pre-control chambers (AC1, AC2) [6] . The upper chamber of the supply valve is connected to the brake supply cylinder (MR), and the lower chamber is connected to the pressurized cylinder (BC). According to the structure and working principle of the relay valve, the leakage fault can be divided into "internal leakage" and "external leakage" from the gas flow direction and its influence. Its definition, impact, and causes are shown in Table 1 . 
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Multi-Source Information Fusion Method
In this paper, the statistical analysis method SPRT is used to analyze and process the relay valve output pressure signal to identify latent leakage faults in the relay valve. In addition, data fusion technology is used to find effective data in redundant information and evaluate the target through certain algorithms and evaluation strategies. Data fusion can occur at different levels of information, including the data layer, feature layer, and decision layer [19] . The machine learning method of SVM, which is widely used in pattern recognition, is used to fuse multiple fault features, and the combined fault features are used for the internal and external leakage diagnosis of the relay valve.
Leakage Detection Based on Kalman Filter and SPRT
The traditional SPRT method requires a training set to perform anomaly detection. However, the brake cylinder pressure is different due to the influence of the vehicle load and the braking level. The training set has difficulty achieving full coverage, which hinders the use of SPRT in the on-line detection of latent leakage faults in the relay valve.
The Kalman filter optimally estimates the state of the system through the input and output signals. This filter is especially suitable for the prediction of motion behavior with frequent changes in motion state and can realize real-time prediction [20] . In this paper, the innovation sequence of the Kalman filter is input into the SPRT model to realize the online detection function.
Kalman Filtering
Since the relay valve pressure signal is one-dimensional, the Kalman filter theory of the scalar signal is employed. For the characteristics of the relay valve pressure signal sequence collected by the BC pressure sensor in real time, the following mathematical model is established:
(1)
where s(k) represents the sequence of state signal, i.e., the signal model; w(k) is a white noise sequence with zero mean, often referred to as system noise; x(k) is the observation sequence, i.e., the observation model; and n(k) is also a white noise sequence with zero mean, often referred to as measurement noise. According to the linear least mean square criterion, the recursive algorithm of the Kalman filtering model is as follows:
Prediction error variance:
Optimal filtering gain:
Filtering error variance:
Innovation sequence:
where σ 2 w is the system noise and σ 2 n is the measurement noise. Due to the delay of the state estimation, the innovation sequence can extract the inflection point of the BC pressure signal sequence, and the abnormal point can be identified.
Sequential Probability Ratio Test
SPRT is a statistical decision-making method that optimizes the selection of the sample size. It does not pre-specify the number of observational sample groups but continues to increase the data until the required threshold is met in the inspection process [21] .
The abnormality of the relay valve leakage is mainly the statistical mean shift [22] . Therefore, the simulation test in this paper has two hypothesis H 0 and H 1 .
1.
Normally, the sequence satisfies the null hypothesis H 0 : µ = µ 0 ; 2.
In leakage, the sequence satisfies the alternative hypothesis H 1 :
where ∆µ > 0 means the internal leakage and ∆µ < 0 means the external leakage.
The joint probability density of the random sequence is
where k is the sampling points. In the SPRT test, the decision on the hypothesis is based on the value range of Equation (10).
The SPRT algorithm is as follows:
where λ(k) is the test index and LR (Likelihood Ratio) is the probability ratio. The upper and lower limits are specified according to the allowable false alarm rate α and the missing alarm rate β.
where A is the upper limit and B is the lower limit. The recursive formula is 
Internal and External Leakage Diagnosis Based on Support Vector Machine
Relay Valve Leakage Fault Characteristic Parameters
To diagnose the leakage modes more accurately, it is necessary to extract the fault characteristic parameters. In addition to the statistical mean shift mentioned in Section 3.1.2, and considering that the leakage will affect the response characteristics of the relay valve, eight fault characteristics shown in Table 2 are extracted; these fault characteristics correspond to the three stages of the relay valve: braking, holding, and releasing. 
Internal and External Leakage Diagnosis Based on Support Vector Machine
Relay Valve Leakage Fault Characteristic Parameters
To diagnose the leakage modes more accurately, it is necessary to extract the fault characteristic parameters. In addition to the statistical mean shift mentioned in Section 3.1.2, and considering that the leakage will affect the response characteristics of the relay valve, eight fault characteristics shown in Table 2 are extracted; these fault characteristics correspond to the three stages of the relay valve: braking, holding, and releasing. SVM is a data-driven machine learning algorithm. The special advantages of the SVM algorithm in small sample, high dimensional, and nonlinear problems have made it a popular fault diagnosis method in recent years. SVM contains two typical algorithms: Support Vector Classification (SVC) and Support Vector Regression (SVR). In this paper, the SVC algorithm [23] is adopted as the diagnosis method.
For a sample training dataset, D = {(x i , y i )|i = 1, 2, · · · n}, x i ∈ R n , y i ∈ {±1}, n is the sample size. The nonlinear mapping maps the input vector x from the original space R n to a high-dimensional space Z.
Constructing the optimal linear classification hyperplane y = w T ·ϕ(
The classification constraint is
where w is the normal of the hyperplane, b is the intercept, ϕ(x i ) is the nonlinear mapping, ε i is the slack variable, and C is the penalty factor. Define the Lagrangian function as follows:
where α i , β i are Lagrange multipliers. Obtaining partial derivatives of w, b, ε i and setting them as 0, and replacing the inner product [ϕ T (x i )·ϕ x j ] with the kernel function K x i , x j :
The optimal classification function can be obtained by solving Equations (18) and (19):
Based on the SVC algorithm above and the SVM toolbox in MATLAB (Matrix Laboratory), and given a set of training instances marked as belonging to one or the other of the two categories, the SVM training algorithm creates a model that assigns a new instance to one of the two categories. Since the SVM original classifier is only suitable for a two-class problem; the "One vs One" method is adopted to achieve three pattern recognition in this paper, and the eight time-domain characteristic parameters of the pressure signal are used as the input of the SVM to establish the training and testing datasets. The relay valve leakage fault diagnosis implementation process based on SVM is shown in Figure 4 . 
Experiment Verification
Fault Simulation and Sample Acquisition
The fault injection method is to artificially bring a demand fault to the system model, causing the system to malfunction or fail under certain operating conditions, and to observe the response of the system, thereby providing the tester with results-related testing process [24] .
Fault diagnosis is based on the fault sample. Since the fault data of the relay valve is limited, a leakage fault simulation test platform ( Figure 5 ) based on the structure and working principle of the relay valve is developed in this paper. This test simulates the internal and external leakage of the relay valve The test data under normal and leakage conditions are collected as sample data. 
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Experiment Verification
Fault Simulation and Sample Acquisition
Fault diagnosis is based on the fault sample. Since the fault data of the relay valve is limited, a leakage fault simulation test platform ( Figure 5 ) based on the structure and working principle of the relay valve is developed in this paper. This test simulates the internal and external leakage of the relay valve The test data under normal and leakage conditions are collected as sample data. The "relay valve leakage simulation test platform" is mainly composed of the brake control device, the acquisition device, and the throttle valve leakage fault simulation device. The "normal" test is carried out 5 times, and the internal and external "leakage" simulation tests are carried out 10 times, respectively. The CV1 and BC pressure sensors collect the input and output pressure data of the relay valve. The sampling rate of the acquisition device is set to 1000 Hz to ensure that the sampling accuracy is sufficiently high to avoid influencing the leakage state.
Leakage Identification
In the leakage identification verification, the related parameter are as follows: false alarm rate α = 0.001, missing alarm rate β = 0.005 [25] . The SPRT indexes are normalized to [−1,1], while "1" indicates leakage, "−1" means normal, and the interval means that the result cannot be judged and the acquisition process continues. The Kalman and SPRT test models are programmed according to Figure 3 using MATLAB software. The test results are shown in Figure 6 .
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Figure 5. Relay valve leakage simulation test platform. Table 3 lists the relay valve fault injection methods for internal and external leakage. 
Leakage Mode Fault Injection Method internal leakage
By connecting a throttle valve 1 between the air supply port of the relay valve and the output port of the relay valve external leakage By connecting a throttle valve 2 between the relay valve output port and the atmosphere
The "relay valve leakage simulation test platform" is mainly composed of the brake control device, the acquisition device, and the throttle valve leakage fault simulation device. The "normal" test is carried out 5 times, and the internal and external "leakage" simulation tests are carried out 10 times, respectively. The CV1 and BC pressure sensors collect the input and output pressure data of the relay valve. The sampling rate of the acquisition device is set to 1000 Hz to ensure that the sampling accuracy is sufficiently high to avoid influencing the leakage state.
Leakage Identification
In the leakage identification verification, the related parameter are as follows: false alarm rate = 0.001, missing alarm rate = 0.005 [25] . The SPRT indexes are normalized to [−1,1], while "1" indicates leakage, "−1" means normal, and the interval means that the result cannot be judged and the acquisition process continues. The Kalman and SPRT test models are programmed according to Figure 3 using MATLAB software. The test results are shown in Figure 6 . Figure 6 shows that the internal and external leakage in different braking levels (three in this paper) can be detected quickly and correctly. The BC pressure is about 5 kPa higher than the normal value when the internal leakage occurs, while the BC pressure is about 5 kPa lower than the normal value when the external leakage occurs. The leakage of 5 kPa is undetectable by the existing diagnostic system. However, there is obviously a hidden danger. Increased leakage may cause the brakes to not release or to apply insufficient braking force, thereby affecting the safety and efficiency of the EMU. The method proposed in this paper can be used to predict and warn relay valve leakage. Figure 6 shows that the internal and external leakage in different braking levels (three in this paper) can be detected quickly and correctly. The BC pressure is about 5 kPa higher than the normal value when the internal leakage occurs, while the BC pressure is about 5 kPa lower than the normal value when the external leakage occurs. The leakage of 5 kPa is undetectable by the existing diagnostic system. However, there is obviously a hidden danger. Increased leakage may cause the brakes to not release or to apply insufficient braking force, thereby affecting the safety and efficiency of the EMU. The method proposed in this paper can be used to predict and warn relay valve leakage.
Leakage Diagnosis
According to the method described in Section 3.2.1, Table 4 lists the fault characteristic parameters obtained after processing the data of the simulation test. In this paper, internal leakage and external leakage are classified first: "1" stands for internal leakage, and "−1" stands for external leakage. The diagnostic results are shown in Figure 7 . Next, internal leakage and normal sequence are classified: "1" stands for internal leakage, and "0" stands for normal. The diagnostic results are shown in Figure 8 . Finally, for normal and external leakage, "0" stands for normal, and "1" stands for external leakage. The diagnostic results are shown in Figure 9 .
As can be seen from Figures 7-9 , the SVM based on the eight time-domain fault characteristics of the relay valve input and output pressure can diagnose normal, internal or external leakage at a fault recognition rate of 100%. Therefore, this method can be used to diagnose latent leakage faults in the relay valve and provide maintenance guidance. As can be seen from Figures 7-9 , the SVM based on the eight time-domain fault characteristics of the relay valve input and output pressure can diagnose normal, internal or external leakage at a fault recognition rate of 100%. Therefore, this method can be used to diagnose latent leakage faults in the relay valve and provide maintenance guidance. As can be seen from Figures 7-9 , the SVM based on the eight time-domain fault characteristics of the relay valve input and output pressure can diagnose normal, internal or external leakage at a fault recognition rate of 100%. Therefore, this method can be used to diagnose latent leakage faults in the relay valve and provide maintenance guidance. 
Conclusions
(1) To predict the latent leakage faults of the pneumatic units of the Chinese standard EMU brake system, an identification method based on Kalman and SPRT is proposed, and the relay valve is used as an example. The results show that a slight leakage of 5 kPa can be effectively detected, which proves the effectiveness of this method. Therefore, this method can help detect relay valve leakage faults, so that maintenance personnel can predict the health status of the relay valve in advance and improve the availability of the brake system.
(2) To diagnose the internal and external leakage of the relay valve, a method based on SVM is proposed. Using the fault injection method, two types of typical leakage faults are simulated on the relay valve leakage fault simulation test platform, and the CV1 and BC pressure signals of three kinds of working conditions are collected: no leakage, internal leakage, and external leakage. Eight time-domain failure characteristics are then extracted for a fault diagnosis based on SVM. The diagnostic results show that this method can predict the internal and external leakage of the relay valve under a 100% fault recognition rate, which provides a practical method for diagnosing the faults of relay valve leakage. At the same time, this method also provides guidance for maintenance and reduces maintenance costs. 
